Abstract. In the current study, antidiabetic activity and toxic effects of zinc oxide nanoparticles (ZnO) were investigated in diabetic rats compared to zinc sulfate (ZnSO 4 ) with particular emphasis on oxidative stress parameters. One hundred and twenty male Wistar rats were divided into two healthy and diabetic groups, randomly. Each major group was further subdivided into five subgroups and then orally supplemented with various doses of ZnO (1, 3, and 10 mg/kg) and ZnSO 4 (30 mg/kg) for 56 consecutive days. ZnO showed greater antidiabetic activity compared to ZnSO 4 evidenced by improved glucose disposal, insulin levels, and zinc status. The altered activities of erythrocyte antioxidant enzymes as well as raised levels of lipid peroxidation and a marked reduction of total antioxidant capacity were observed in rats receiving ZnO. ZnO nanoparticles acted as a potent antidiabetic agent, however, severely elicited oxidative stress particularly at higher doses.
INTRODUCTION
Diabetes mellitus is a metabolic disorder characterized by insufficiency of secretion or action of endogenous insulin resulting in the elevation of blood glucose and numerous other complications (1) . The disease is one of the most important public concerns. According to the latest report of the International Diabetes Federation (IDF), the number of people with diabetes is set to rise beyond 592 million in the next 25 years. Unfortunately, 47% of the population goes undiagnosed and progresses toward diabetic complications unaware (2) .
It seems that the homoeostasis of trace elements can be disrupted by diabetes mellitus (3) . It has been claimed that imbalances of micronutrients such as copper, chromium, manganese, iron, nickel, zinc, ascorbic acid, and vitamin E play a crucial role in upsetting normal glucose metabolism and progression of diabetes (4) (5) (6) .
Zinc (Zn) is a trace element and the most abundantly found mineral in all human tissues and tissue fluids, after iron (7) . A wide range of biological activities such as cell division (8) , immune responses regulation (9, 10) , epithelial cell integrity (11) , and the proper function of more than 300 enzymes from all enzyme families (12, 13) are tightly correlated with zinc.
In 1934, it was demonstrated that zinc is a part of insulin crystal (14) . Since then, a clinical association has been assumed among zinc, insulin, and diabetes. Numerous studies have been trying to elucidate the precise role of zinc in pathophysiology of diabetes mellitus to date.
In the β cell granules, the insulin molecule forms polymers and also complexes with zinc (15) . Moreover, zinc has an active role in the secretion of insulin from pancreatic cells (16) .
The antidiabetic and insulin-like effects of zinc have been proven in several in vitro and in vivo studies; however, the molecular mechanisms responsible for the insulin-like effects of zinc have not yet been completely understood (7) . A growing number of evidence show that zinc can interact with several components of insulin signaling pathways and thus regulate glucose metabolism (7) . It has been demonstrated that zinc enhances the phosphorylation of insulin receptor Bsubunit (17) . Moreover, it effectively stimulates phosphatidyl inositol 3-kinase (PI3-K) and activates protein kinase B (PKB) (18) (19) (20) (21) .
Due to the insulin-like effects of zinc and its crucial role in pathophysiology of diabetes, zinc supplementation is a highly necessary strategy for the treatment of diabetic patients. Therefore, the development of such therapies with ability to improve zinc imbalance during the ailment is the issue of considerable interest to scientists. Several zinc complexes have been synthesized and evaluated in various studies some of which are commercially available for their beneficial effects. Zinc sulfate (ZnSO 4 ) is an inorganic salt of zinc which is widely prescribed as a supplement or for the treatment of a number of diseases. Nanomaterials are at the leading edge of the rapidly developing field of nanotechnology. Their unique sizedependent properties make these materials superior and indispensable in many areas of human activity (22) . Nanoparticles are widely used in cosmetics, pigments and coatings, electronic devices, and catalysts (23) . The similar size of nanoparticles and biomolecules such as proteins and polynucleic acids provide a wide utilization of these materials in biology and medicine (24) . Moreover, because of their ultra-small size, they can easily cross through biological membranes and therefore can be highly absorbed by the digestive system. Such characteristics have been eventuated in the utilization of nanoparticles via oral root. Although impressive from the perspective of material science, the novel properties of nanoparticles could lead to adverse biological effects with the potential to create toxicity (25) . In fact, there are a growing number of studies which indicate toxicity of nanoparticles by various mechanisms including generation of reactive oxygen species (ROS) in particular (26) (27) (28) (29) .
Among many kinds of nanoparticles, zinc oxide nanoparticles (ZnO) are important industrial materials and a large amount of ZnO nanoparticles are produced (30) . In previous years, ZnO nanoparticles as a novel agent in order for zinc delivery have been synthesized and assessed for their possible antidiabetic effects in streptozotocin-induced diabetic rats (31, 32) . Although the potent antidiabetic activity of ZnO was observed in these studies, the influence of this nanoparticle on oxidative stress parameters was not fully determined. Additionally, the therapeutic efficacy of this nanoparticle has not yet been investigated in comparison with its bulk counterparts. Therefore, the present study was conducted to evaluate the undesired effects of ZnO in diabetic rats and a comparison was also performed between the nanoparticle and its respective salt (zinc sulfate) with a particular emphasis on oxidative stress parameters.
MATERIALS AND METHODS

Reagents and Chemicals
Ultra-pure (≥99%), high-quality zinc oxide nanoparticles ( 8 0 -1 0 0 n m ) w e r e p u r c h a s e d f r o m U S R e s e a r c h Nanomaterials, Inc, USA (stock# us3555). Streptozotocin (STZ) used for induction of diabetes in rats was procured from Sigma-Aldrich (Sigma, St. Louis, MO, Laviola, USA). Zinc sulfate dihydrate (ZnSO 4 * 2H 2 O) was obtained from Merck Germany (containing 33.11% zinc). Sodium citrate buffer solution (pH=4.5) was prepared using high-quality materials.
Animals
One hundred and twenty pathogen-free male Wistar rats (7-8 weeks, 180-220 g) were obtained from Urmia University Laboratory Animal Center, Faculty of Veterinary Medicine, Urmia, Iran. The animals were maintained in a standard specific pathogen-free environment at a temperature of 23±2°C and controlled humidity (60±10%), under a 12:12-h light-dark cycle. Rats were fed distilled water and a standard diet containing 22.12 mg of zinc (per kilogram of dried material) ad libitum (33) . All rats were acclimatized to their new surroundings for 1 week prior to the experimental procedures. Oral dosing was carried out using an 18-gauge oral feeding needle.
Ethics
All of the experiments involving laboratory animals were approved by Urmia Animal Care and Use Committee, and all procedures of the current experiment were performed at the animal housing department, Faculty of Veterinary Medicine.
Experimental Protocols and Grouping
The animals were divided into two major healthy and diabetic groups, randomly. Diabetes was induced according to the previously described procedure (34) in 60 animals. Briefly, the rats in the diabetic groups were fasted overnight, then injected intraperitoneally (i.p.) with freshly prepared STZ in citrate buffer (0.1 M, pH 4.5) at a single dose of 50 mg/kg, body weight. Hyperglycemia was confirmed by the elevated glucose levels in serum, determined at 72 h after injection of the STZ, using a digital glucometer (Elegans, Germany). The animals were considered diabetic if the blood glucose level was >250 mg/dl. The diabetic rats were further subdivided into five subgroups of 12 animals each: (I) diabetic control group-they did not receive any treatment. (II-IV) Diabetic+ZnO-the animals in these groups were treated with zinc oxide nanoparticles in three different doses of 1, 3, and 10 mg/kg orally by gavage. (V) Diabetic+ZnSO 4 -the animals in this group were given 30 mg/kg of zinc sulfate, 2H 2 O orally by gavage (equally 10 mg/kg zinc). The same grouping was performed for the other 60 healthy rats. The oral dosing was performed once a day from the fourth day after IP injection of citrate buffer and STZ for 56 consecutive days. The selected doses of the nanoparticle were based on the previous study in which repeated oral dosing and toxicity of ZnO were well established (31) . According to the manual of the commercial supplier, zinc oxide nanoparticles consist of 80.34% zinc and 19.6% oxygen, so the selected doses of the nanoparticle deliver approximately 8.03, 2.41, and 0.8 mg of zinc, respectively. Zinc sulfate dosage was designed according to the pervious study in which zinc dose (as zinc sulfate) was 30 mg/kg for 42 days (35) . The selected dose of zinc sulfate, 2H 2 O by estimation 33.11% zinc in it, delivers approximately 10 mg zinc.
ZnO nanoparticles were suspended in deionized water at a concentration of 10 mg/ml. Prior to each treatment, in order to break the agglomerate and ensure a uniform suspension, all nanoparticle samples were sonicated four times intermittently, using sonicator probe (Branson Sonifier, USA) at 30 W for 10 min (2.5 min on and 30 s off) and diluted to prepare the different nanoparticle concentrations.
Blood Sampling
Blood sampling was performed at the different intervals of 1, 4, and 8 weeks. At the each time point, four animals from every group were deeply anesthetized with IP injection of a mixture of ketamine (150 mg/kg) and xylazine (15 mg/kg) (34) , and then blood samples were collected from the heart (almost 4 ml) in heparinized and non-heparinized tubes. The non-heparinized blood was allowed to coagulate and centrifuged (3000 rpm for 10 min) and the separated serum samples transferred to Eppendorf tubes and stored at −80°C until analysis. Catalase and glutathione peroxidase activities were determined in serum and whole blood, respectively. For evaluation of superoxide dismutase activity, heparinized blood samples were centrifuged, plasma separated, and packed cells were washed three times with normal saline solution and then hemolysate was prepared via the addition of cold distilled water.
Biochemical Assays and Analysis
Blood glucose was evaluated according to the routine method of enzymatic colorimetric determination of glucose oxidase (GOD) using a standard assay kit (Ziest Chem Diagnostics, Iran). Rat insulin ELISA Kit (Cayman Chemical, item number 589501) was employed for determination of insulin level in serum samples. Zinc concentrations in serum samples were measured using atomic absorption spectrophotometer (Shimadzu AA-6800). Serum levels of malondialdehyde (MDA), a marker of lipid peroxidation, were evaluated as thiobarbituric acid reactive substances (TBARS) by the method of Nair and Turner (36) . The activities of erythrocyte glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and catalase (CAT) were determined according to our previously described procedures (37) . The assessment of total antioxidant capacity (TAC) was performed according to the kit manual (TAS test kit, Randox Laboratories Ltd. G.B.).
Statistical Analysis
All data were analyzed using SPSS software (version 19, USA) and expressed as means±standard deviation (SD). Analysis of variance (ANOVA) was followed by Duncan's multiple range test (DMRT) for multiple comparisons to evaluate whether values at the same time point were different between the controls and the treatment groups and two-way analysis of variance for repeated measurements with multiple comparisons. A significant difference was presumed at a P value <0.05.
RESULTS
Assessment of Blood Glucose Levels
The effects of oral administration of ZnO nanoparticles and zinc sulfate on glucose levels are depicted in Tables I and  II for healthy and diabetic rats, respectively. No significant change was observed by the nanoparticles in healthy rats, except for a slight reduction by the dose of 10 mg/kg on day 56. In addition, zinc sulfate reduced blood glucose on day 28; however, this was not stable and was again elevated to normal range on day 56. Intraperitoneal injection of streptozotocin resulted in significant increase in blood glucose (greater than 250 mg/dl). ZnO treatment decreased glucose levels in a timeand dose-dependent fashion (P<0.01). Zinc sulfate also depressed glucose levels time dependently (P<0.01).
Assessment of Serum Insulin Levels
Treatment with the higher doses (3 and 10 mg/kg) of the ZnO nanoparticle gradually increased serum insulin contents in healthy rats and significantly differed at the end of experimental course compared to the control group (Table I) . Induction of diabetes plummeted serum insulin content (approximately fivefold). Oral supplementation with ZnO nanoparticles effectively restored insulin levels particularly at the highest dose (10 mg/kg). Zinc sulfate also increased insulin contents time dependently (Table II) .
Assessment of Serum Zinc Levels
Both of the treatments (ZnO and ZnSO 4 ) could elevate serum zinc contents in the healthy rats with a tendency toward a time-dependent fashion ( Table I) . Induction of diabetes significantly suppressed serum zinc levels (P<0.01), and supplementation with both of the treatments could improve zinc concentrations time dependently. The highest dose of the nanoparticles (10 mg/kg), however, was found to be more effective in diabetic animals ( Table II) .
Assessment of Serum Malondialdehyde Levels
The results of serum malondialdehyde contents are represented in Tables I and II . ZnO nanoparticles treatment to both healthy and diabetic rats elevated MDA levels particularly at the highest dose (10 mg/kg) compared to respective control groups. Further, IP injection of STZ by inducing diabetes mellitus and hyperglycemia raised MDA levels (almost twofold). Zinc sulfate administration to healthy rats did not significantly change MDA contents; but, in diabetic ones reduced MDA production (P<0.05).
Assessment of RBC Glutathione Peroxidase Activity
ZnO treatment with higher doses (3 and 10 mg/kg) to both healthy and diabetic rats significantly reduced GSH-Px activity in a time-dependent manner compared to respective control groups (Tables III and IV) . In contrast, the lower dose (1 mg/kg) of the nanoparticle increased the enzyme activity in both of the groups; however, this increment was not stable and a gradual suppression was observed during the course of the study. The induction of diabetes also depressed the enzyme activity. Zinc sulfate treatment to healthy rats did not have a significant effect on GSH-Px activity, except for a slight rise on day 7 in comparison with healthy control group; however, in diabetic ones, the activity was restored close to its normal limit (Table IV) .
Assessment of RBC Catalase Activity
ZnO administration to healthy rats resulted in reduction of catalase activity at the end of the experimental period with a tendency toward a dose-dependent fashion (Table III) . Induction of diabetes tremendously depressed catalase activity (approximately fourfold). Treatment with ZnO nanoparticles particularly at the lower dose (1 mg/kg) could increase the activity compared to diabetic control (Table IV) . Zinc sulfate also could elevate the enzyme activity.
Assessment of Serum Catalase Activity
In healthy rats, ZnO treatment resulted in suppression of serum catalase activity compared to the control group (Table III) . This reduction was more considerable for the dose 3 mg/kg of the nanoparticle on day 56. Induction of diabetes plummeted the enzyme activity (approximately fourfold). Treatment with ZnO nanoparticles particularly at the dose of 3 mg/kg restored serum catalase activity time dependently. Zinc sulfate also could increase the activity (Table IV) .
Assessment of RBC Superoxide Dismutase Activity
As can be seen from Tables III and IV, ZnO treatment to both healthy and diabetic rats resulted in gradual elevation of superoxide dismutase activity with a tendency toward a timeand dose-dependent manner. Induction of diabetes also increased the enzyme activity in a time-dependent fashion. Zinc sulfate administration to healthy rats did not alter the enzyme activity significantly except for a slight rise on day 56; but, in diabetic ones, it reduced SOD activity close to the normal limit. 
Assessment of Serum Total Antioxidant Capacity
ZnO administration with the lower dose (1 mg/kg) and ZnSO 4 had no significant effect on serum total antioxidant capacity in healthy rats. However, the higher doses (3,10) of the nanoparticle gradually decreased serum TAC with a tendency toward a time-and dose-dependent manner and significantly differed with the control group at the end of the study course (Fig. 1) . Induction of diabetes significantly attenuated serum total antioxidant capacity (P<0.01) in a time-dependent fashion, and treatment with nanoparticles at higher doses (3 and 10 mg/kg) also severely suppressed TAC alike to healthy ones (Fig. 2) . No significant differences were seen between the lower dose (1 mg/kg) of ZnO and diabetic control. Zinc sulfate application could cease the reduction of antioxidant capacity in diabetic rats.
DISCUSSION
In the present comprehensive study, effects of long-term supplementation with ZnO nanoparticles on antioxidant enzyme activities and oxidative stress parameters in streptozotocin induced type 1 diabetic rats were assessed. We employed previously described doses to evaluate the undesired effects of them, further; the nanoparticle therapeutic efficacy was compared to its respective salt. In previous years, several kinds of nanoparticles have been proposed as drug delivery system and some of them were evaluated for their possible curative effects (31, 32) . Regarding increasing risk of human exposure to these nanoparticles, there is an urgent need to investigate their harmful effects. Once entering the body, nanoparticles reach blood circulation and thereby are delivered to different organs. Therefore, understanding their impact on blood components is absolutely essential.
Administration of ZnO nanoparticles to diabetic rats could result in improvement of blood glucose disposal and increase in insulin levels in a time-and dose-dependent fashion. These data indicated antidiabetic activity of the nanoparticles. The findings of the present study were consistent with previous reports (31, 32) . Our experiments showed that ZnO nanoparticles at higher doses (3 and 10 mg/kg) had a much greater antidiabetic effect compared to ZnSO 4 evidenced by a marked reduction of blood glucose and increase in insulin levels. Zinc interacts with several components of insulin signaling pathway and thus regulates glucose metabolism. Others reported that ZnO nanoparticles increased the mRNA expression level of insulin gene and consistently observed higher expression levels of insulin receptor gene in hepatic tissues of ZnO-receiving diabetic rats (32) .
The induction of diabetes considerably reduced serum zinc contents. This is a common finding in diabetic patients and can be related to hyperzincuria (16) . It is well established that zinc supplementation effectively prevents the metabolic syndrome and diabetes and its secondary complications (13, 38) . In our study, ZnO treatment to diabetic rats improved serum zinc status in a time-and dose-dependent manner. With this aspect, we found that ZnO treatment at the higher doses (3 and 10 mg/kg) was more effective compared to ZnSO 4 . This finding could be attributed to the size of ZnO. Because of the extremely small dimensions, nanoparticles can easily cross through biological membranes and be accumulated in blood.
Measurement of lipid peroxidation is a gold marker of oxidative damage caused by ROS, and the assessment of MDA is a reliable method to gain such determination (35, 39 hydroxyl radicals, act on unsaturated fatty acids of phospholipid components of membranes to produce malondialdehyde, a lipid peroxidation product (40) . Such injury to cell membrane finally can lead to cell death. Our results of diabetic rats were in agreement with those of recent studies that demonstrated increase in MDA concentrations by hyperglycemiainduced glucose autooxidation and glycation of proteins (35, 39, 41, 42) . Treatment with ZnO nanoparticles aggravated lipid peroxidation status particularly at the highest dose (10 mg/kg) in both healthy and diabetic rats, which indicated toxic nature of the nanoparticle. There are a growing number of studies showing that ZnO nanoparticles can generate ROS and consequently induce lipid peroxidation (26, 27, 43) . We also observed that zinc sulfate protected lipid peroxidation and ROS generation evidenced by a significant reduction of MDA level in diabetic rats. Parallel observations have been reported previously (35, 39, 44) . The generation of ROS and the subsequent induction of oxidative stress are thought to be the predominant mechanism of nanoparticle toxicity (28, 29) . The amount of ROS generation by engineered nanomaterials is associated with chemical nature of the nanoparticles. Compared to their bulk-size counterparts, engineered nanomaterials possess a small size, high specific surface area, and high surface reactivity leading to the production of higher levels of ROS and induction of oxidative damages (29) . Large amounts of ROS could be generated even when only small amounts of ZnO nanoparticles are amalgamated into cells (28) . The key features of nanoparticles are tightly correlated with particle size, and some of them have effects on the interactions between nanomaterials and biomolecules that subsequently affect the nanotoxicological behaviors of nanoparticles (28) . In a comparative study between nano-and micrometer size metal oxide, Karlsson and coworkers found that copper oxide nanoparticles were much more toxic in comparison with their micrometer counterparts. However, based on their findings, it cannot be generalized that nanoparticles are always more toxic than micrometer particles (45) . Further, in a study, the ability of ZnO nanoparticles in generation of different ROS was compared to their respective ionic form and results showed that ZnO nanoparticles hugely release ROS compared to their salt and consistently MDA production by ZnO nanoparticles was more than zinc sulfate (46) . The mechanisms by which zinc protects against lipid peroxidation and ROS generation have not yet been completely elucidated. Prasad and coworkers (2004) studied antioxidant effect of zinc in humans. They found that zinc negatively regulates gene expression of inflammatory cytokines such as TNF-α and IL-1β, which are known to generate ROS (47) . Zinc has also been proposed to interact with cell membranes to stabilize them against oxidative damages (48) . The antioxidant enzymes, SOD, GSH-Px, and catalase work together to eliminate active oxygen species and prohibit the harmful effects of oxidant molecules on tissues and cells. Small deviations in physiological concentrations of these enzymes may result in defect of body defense system and vulnerability of biomolecules to oxidative damages (49) .
It has been claimed that hyperglycemia is able to generate reactive oxygen species, disturb GSH/GSSG balances, and reduce GSH-Px activity by glycolysation in erythrocytes, thus leads to long-term complications of diabetes (50, 51) . Our findings of decreased activity of erythrocyte GSH-Px in diabetic rats agree with the previous reports. Our data of diabetic rats demonstrated that treatment with zinc sulfate efficiently restored GSH-Px activity in a time-dependent manner. Similar observations have been reported previously (35) . Uyoyo Ukperoro et al. found that dietary supplementation with ZnSO 4 could elevate GSH levels in the liver and kidney of diabetic rats. They concluded that zinc can either increase the biosynthesis of GSH or reduce the oxidative stress leading to less degradation of GSH, or having both effects (44) . Consistently, it has been suggested that zinc can bind to sulfhydryl groups and protect them against oxidation (52) . With respect to ZnO-receiving animals, we found a significant reduction of GSH-Px activity, at higher doses (3 and 10 mg/kg). Ali and coworkers reported that ZnO treatment to fresh water snail significantly depressed GSH-Px activity and its substrate levels (GSH) in a time-and dose-dependent fashion (43) . Additionally, under oxidative stress condition, glutathione (GSH) is consumed by the glutathione-related enzymes (such as GSH-Px) to detoxify peroxides produced due to increased lipid peroxidation (53) . Therefore, the decreased activities of GSH-Px might be due to overproduction of ROS, especially hydroperoxides by ZnO nanoparticles and depletion of its substrate. Our data of increased MDA levels supported this hypothesis.
Catalase is ubiquitously present in a wide range of aerobic cell types with the highest activities in mammals being found in liver, kidney, and red blood cells. It reduces the H 2 O 2 into water and molecular oxygen (O 2 ) to prevent cells from oxidative damage (54) . Our experiment revealed a significant reduction in RBC and serum catalase activity in diabetic rats. This finding is consistent with a number of previous studies (31, 39, 44) . It has been reported that hyperglycemia increases hydrogen peroxide production and downregulates CAT gene expression (55) . A number of in vitro and in vivo studies have found varying responses of catalase to increased amount of ROS production induced by ZnO. Some of them showed elevated activity (31, 43, 56) , whereas others exhibited suppressed activity (57, 58) . In our study, although ZnO nanoparticles could relatively restore catalase activities in diabetic rats, however, severely inhibited the enzyme activity in healthy ones. This finding was indicative of toxic nature of the nanoparticle. The decrease in the activity of catalase in healthy animals may be due to the consumption of this enzyme in converting the H 2 O 2 into H 2 O and O 2 or its low rate of enzyme turnover. Considering the healthy rats, receiving zinc sulfate, we noticed no significant change in catalase activity indicating its safety. Additionally, it could improve CAT activity in diabetic animals. This protective effect of zinc could be related to the antioxidative properties of this metal ion and agree with previous reports (39, 44) .
Superoxide dismutase (SOD) plays a critical role in neutralizing of ROS and is tightly associated with zinc ions (50) . SOD possesses the largest catalytic efficiency of any known enzyme (59) . The enzyme catalyzes the partitioning of the toxic superoxide (O 2− ) radical with high proficiency (50) . In contrast to previous researches (31,39), we observed raised levels of RBC superoxide dismutase activity in diabetic rats. Further, we found a trend toward increase in the enzyme activity in both healthy and diabetic rats receiving ZnO. These data suggested that ZnO treatment might result in increasing of ROS generation, which could stimulate SOD activity to cope with this increased oxidative stress. Khan and colleagues' study (2015) may shed light on our work. As mentioned above, they found that toxic superoxide radical formation by ZnO nanoparticles was much more than ZnSO 4 . In addition, they observed a dosedependent increase in activity of erythrocyte SOD (46) . These data completely match those reported here. Moreover, Muthuraman and collaborators reported a dose-dependent increase in gene expression and activity of SOD in adipocytes exposed to different concentrations of ZnO nanoparticles (56) . With regard to the animals which were administered with zinc sulfate, we observed normalization of SOD activity. The observed normalization following zinc treatment could be related to the antioxidant potential of this metal ion.
Antioxidant capacity of serum is the primary measure and marker to evaluate the status and potential of oxidative stress in the body (50) . In fact, the capacity of known and unknown antioxidants and their synergistic interaction is therefore assessed, thus giving an insight into the delicate balance in vivo between oxidants and antioxidants (60) . Our findings showed that the serum TAC of diabetic rats was considerably lower than the healthy control. Some researchers reported the same results about the TAC in diabetic subjects (61) (62) (63) . The higher doses of ZnO were found to be highly toxic evidenced by a marked reduction of TAC in diabetic rats. It has been claimed that serum antioxidants can be decreased compared to established normal values as a consequence of free radical production (64) . Biological and toxicological behaviors of nanoparticles are associated with their physicochemical and structural properties. In a comparative study of the mechanism of toxicity of zinc oxide and cerium oxide nanoparticles, it was demonstrated that dissolution plays an important role in ZnO-induced cytotoxicity. ZnO dissociation and release of toxic Zn 2+ in the cell culture medium disrupt cellular zinc homeostasis, leading to lysosomal and mitochondria damage and ultimately cell death via generation of ROS and oxidative injury (65) .
Zinc sulfate administration did not change serum total antioxidant capacity in healthy rats which indicates no risk of oxidative stress induction. Additionally, ZnSO 4 could efficiently help recuperation of TAC, suggesting its potent antioxidant effect. A large number of studies have proved that, zinc functions not only as a nutrient, but also as potent inducer of metallothionein. (66) . It is well established that metallothionein has a profound effect on the reduction of oxidative stress induced by the diabetic condition due to the presence of cysteine residues. Overexpression of metallothionein in vario us m et ab ol ic o rg an s ha s be en s ho wn t o re du ce hyperglycemia-induced oxidative stress, organ-specific diabetic complications, and DNA damage in diabetic experimental animals (66) .
In our experiment, the altered activities of erythrocyte antioxidant enzymes as well as raised levels of lipid peroxidation and marked reduction of serum TAC indicated the induction of oxidative stress in rats receiving zinc oxide nanoparticles. Superoxide dismutase has the largest catalytic efficiency in body. Therefore, one possible explanation for the observed alterations of the enzyme activities is that the elevation in SOD activity may be due to compensatory mechanisms by the body to prohibit deleterious effects of oxidative damage caused by the increased amounts of ROS.
CONCLUSION
Taking together, the results of the study demonstrated that zinc oxide nanoparticle acted as a potent antidiabetic agent evidenced by improved glucose disposal, insulin levels, and zinc status in diabetic rats. However, it is very clear from this study that the nanoparticles severely elicited oxidative stress particularly at the higher doses evidenced by the altered erythrocyte antioxidant enzyme activities, increase in MDA production, and marked reduction of serum TAC. Finally, our findings offer that ZnO nanoparticles, because of the ability to instigate oxidative stress, should be administered together with a potent antioxidant agent to prevent the nanoparticle from induction of oxidative damage. Such determinations should be covered in further researches.
